Aim: Para-aminosalicylic acid (PAS) is effective in the treatment of manganism-induced neurotoxicity (manganism). In this study we investigated the roles of P-glycoprotein (MDR1a) and multidrug resistance protein (MRP) in transporting PAS and its N-acetylated metabolite AcPAS through blood-brain barrier. Methods: MDR1a-null or wild-type mice were intravenously injected with PAS (200 mg/kg). Thirty minutes after the injection, blood samples and brains were collected, and the concentrations of PAS and AcPAS in brain capillaries and parenchyma were measured using HPLC. Both MDCK-MDR1 and MDCK-MRP1 cells that overexpressed P-gp and MRP1, respectively, were used in two-chamber Transwell transport studies in vitro. Results: After injection of PAS, the brain concentration of PAS was substantially higher in MDR1a-null mice than in wild-type mice, but the brain concentration of AcPAS had no significant difference between MDR1a-null mice and wild-type mice. Concomitant injection of PAS with the MRP-specific inhibitor MK-571 (50 mg/kg) further increased the brain concentration of PAS in MDR1a-null mice, and increased the brain concentration of AcPAS in both MDR1a-null mice and wild-type mice. Two-chamber Transwell studies with MDCK-MDR1 cells demonstrated that PAS was not only a substrate but also a competitive inhibitor of P-gp, while AcPAS was not a substrate of P-gp. Two-chamber Transwell studies with the MDCK-MRP1 cells showed that MRP1 had the ability to transport both PAS and AcPAS across the BBB. Conclusion: P-gp plays a major role in the efflux of PAS from brain parenchyma into blood in mice, while MRP1 is involved in both PAS and AcPAS transport in the brain.
Introduction
Excessive exposure to manganese (Mn) can lead to a Mninduced neurotoxicity that is clinically called manganism and has signs and symptoms similar to, but not identical to Parkinson's disease [1] [2] [3] [4] . The mechanism of Mn-induced neurotoxicity remains elusive and clinical interventions are limited [5] [6] [7] [8] . Chelation therapy with calcium sodium ethylenediaminetetraacetate acid (CaNa 2 EDTA) has been suggested as a strategy to reduce the body burden of Mn [3, 9] . Yet, the CaNa 2 EDTA therapy is not effective because of the limited permeability of . Therefore, there is a pressing need to discover an effective therapeutic agent for the treatment of manganism.
Para-aminosalicylic acid (PAS) is a well-established, antituberculosis drug since 1959 [10] . Reports in the literature have shown its effectiveness in the treatment of Mn-induced neurotoxicity [11] [12] [13] [14] [15] [16] [17] . Evidence has also been provided regarding the effective removal of Mn from the CSF and brain tissues in rats following PAS treatment [18] . More recently, Santos and colleagues reported that PAS is effective in reducing brain Mn burden [19, 20] . The authors further suggest that in addition to its role in metal chelation, the anti-inflammatory property of PAS allows it to reduce the level of prostaglandin E 2 (PGE 2 ), which is crucial for the development of neuroinflammation [19] . To understand the mechanism by which PAS alleviates the Mn-induced parkinsonian syndromes, we have used in vivo methods to quantify the regional pharmacokinetics of PAS and its major metabolite, N-acetyl-para-aminosalicylic acid (AcPAS), in the rat brain [21] . Our data show that both PAS and AcPAS possess the ability to enter the brain parenchyma, but AcPAS has a much higher brain concentration and longer t 1/2 than PAS. It is known that the chemical distribution in the brain is influenced by the brain barrier systems [22] . The tight junctions between the brain capillary endothelial cells form the blood-brain barrier (BBB), whereas the tight junctions between the choroid plexus epithelial cells constitute the blood-CSF barrier (BCB) [23] [24] [25] . The lower PAS brain concentration could be due to the greater transport of PAS back to the blood by the efflux-transport systems present at the BBB.
Multidrug resistance protein 1 (MDR1), also called P-glycoprotein (P-gp) or ATP-binding cassette subfamily B member 1 (ABCB1), is an efflux transport system that selectively transports substrates from the interstitial fluid (ISF) to the blood and therefore restricts the entry of materials from the blood into the brain parenchyma [26] . In addition, the multidrug resistance-associated protein 1 (MRP1), a member of the superfamily of ATP-binding cassette (ABC) transporters, is known to express at the basolateral side of the choroid plexus epithelial cells and functions to transport materials from the CSF to the blood [26] [27] [28] [29] [30] [31] . We hypothesize that both P-gp and MRP1 play an important role in transporting PAS and AcPAS between the blood and the brain.
The purposes of this study were to investigate (1) whether PAS and AcPAS are the substrates of two well-defined drug transporters, ie, P-gp and MRP1, and (2) whether these two efflux transporters mediated the efflux of PAS and/or AcPAS in the BBB. The Mdr1a-null mice and a specific MRP inhibitor MK-571 were used in animal studies in vivo. MDCK-MDR1 and MDCK-MRP1 transfected cells overexpressing P-gp and MRP1, respectively, are recommended by the US FDA as valuable tools for the prediction of P-gp and MRP1 substrates [32] . These two transfected cell lines were used in our two-chamber Transwell transport studies in vitro.
Materials and methods
Chemicals PAS, dimethyl sulfoxide (DMSO), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), phenol red, rhodamine 123 (R123), MK-571, verapamil, quinidine and calcein-AM were purchased from Sigma-Aldrich (Saint Louis, MO, USA); high-glucose Dulbecco's modified Eagle's medium (DMEM) was purchased from Invitrogen Life Technologies Inc (Carlsbad, CA, USA); and fetal bovine serum was purchased from Gibco Co (Bethesda, MD, USA). AcPAS was synthesized in this laboratory [33] . HPLC-grade water was prepared using the NANOpure Diamond Ultrapure Water Systems (Barnstead International, Dubuque, IA, USA). All of the reagents were of analytical grade, HPLC grade, or the best available pharmaceutical grade.
Animals and treatments
Male, 8-week-old MDR1a-deficient mice and age-matched male wild-type (WT) mice were purchased from Charles River Laboratories, Inc (Wilmington, MA, USA) and weighed 25±1 g (mean±SD) at the time of experimentation. Animals were acclimatized for 1 week prior to experimentation in a temperature-controlled, 12/12-h light/dark room and were allowed free access to deionized water and rodent feed. The housing facility at Purdue University is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care. Before experimentation, the animals were fasted for 12 h with free access to water. The animal treatment protocol was approved by the Institutional Committee on Animal Use at Purdue University.
PAS was dissolved in sterile saline each day prior to administration. PAS (200 mg/kg) was injected intravenously (iv) in the tail vein. For the PAS and MK-571 treatment group, PAS (200 mg/kg) was mixed with MK-571 (50 mg/kg) and ivinjected via the tail vein as described previously [21, 33] . Thirty minutes after administration, the mice were anesthetized, and blood samples were collected by heart puncture. The brain was rapidly dissected from the skull, washed with ice-cold saline, and dissected mid-sagittally. One hemisphere was used for the brain regional capillaries isolation study. The capillary depletion process was performed according to a well-established procedure in this laboratory [33, 34] . The other hemisphere was homogenized using a homogenization buffer.
HPLC analysis
The concentrations of PAS and AcPAS in plasma and brain samples were quantified using a well-established HPLC method developed in this laboratory [33] . The presence of transporter inhibitors in samples did not interfere with the HPLC quantification of PAS or AcPAS.
Cell culture
The MDCK-transfected MDCK-MDR1 cell line was developed in this laboratory [35] . The MRP1-transfected MDCK-MRP1 cell line was a gift from Dr P BORST (Netherlands Cancer Institute, Amsterdam, The Netherlands). MDCK cells were cultured in DMEM supplemented with 10% FBS and 1% nonessential amino acid. Cells were grown at 37 °C in a humidified atmosphere of 5% CO 2 in the air.
Cytotoxicity assay
Cytotoxicity was measured using the MTT assay in 96-well plates. After reaching 80% confluency, the cells were treated with PAS (430 and 2 μg/mL) or AcPAS (50 and 2 μg/mL) for 48 h. The concentrations of PAS or AcPAS used in the cell cultures were selected based on the plasma concentration of both chemicals after PAS iv administration [21, 33] . At the end of the 48-h treatment, the cells were washed twice with PBS and incubated with 150 µL of PBS-MTT (2.0 mg/mL) at 37 °C for 4 h. The supernatant was carefully removed, followed by the addition of 150 μL of DMSO. The formazan product was Cell-based Transwell transport study Cells were cultured in the inner chamber of the Transwell apparatus with a seeding density of 2×10 5 cells/cm 2 ; the inner chamber was inserted in the outer chamber and cultured for 5 d prior to the transport studies. The media was changed every other day for the first 4 d and then every day thereafter. The transepithelial electrical resistance (TEER), an indicator of the tightness of the barrier, was recorded to track the formation of the monolayer tight barrier between the inner and the outer chambers. Phenol red was used as a reference leakage marker to conduct bi-directional transport studies in the Transwells. No interaction between phenol red and either PAS or AcPAS was found in our preliminary study. The transport experiments were conducted in Hank's Balanced Stock Solutions (HBSS) at 37 °C. PAS, AcPAS and phenol red permeability values were calculated from the linear portion of the uptake curves. Apparent permeability (P app ) was calculated for the cell monolayer on filters and for the empty filters as follows:
P app =V Receiver /(A filter ×C Donor )×δC Receiver /δT (1) where V Receiver is the volume of the receiver chamber, A filter is the filter surface area, C Donor is the initial concentration in the donor chamber, and C Receiver /δT is the change in the receiver chamber concentration over time. Monolayer permeability (P E ) was determined from the P app values of the cells and the blank filters using the following equation:
Transport study of PAS and AcPAS in MDCK-MDR1 cells In theory, the MDCK cells cultured on the membrane of the inner chamber directly contacted the "blood". Thus, to study the efflux transport of PAS or AcPAS at the BBB (ie, from the CSF to the blood), PAS or AcPAS was added to the outer chamber and their concentrations in the inner chamber were determined. The final concentrations in the outer chamber were 430 and 2 μg/mL of PAS for the high-and low-concentration groups, respectively, or 50 and 2 μg/mL of AcPAS for the high-and low-concentration groups, respectively. The final concentration of phenol red was 20 μg/mL. At 0, 20, 40, 60, 80, 100, and 120 min, aliquots (100 μL) of culture media were taken from the inner (receiver) chamber and replaced with 100 μL of pre-warmed HBSS (to keep constant hydrostatic pressure during the entire experiment). To examine the influx transport of PAS or AcPAS (ie, from the inner to the outer chamber), PAS or AcPAS was added into the inner chamber and aliquots (100 μL) of culture media were taken from the outer (receiver) chamber with replacement of 100 μL of pre-warmed HBSS. R123 is a known substrate of P-gp and was used as a positive control to study P-gp-mediated efflux. R123 was added to the chambers with a final concentration of 5 μmol/L and quantified at an excitation wavelength of 485 nm and an emission wavelength of 535 nm using a freshly prepared standard curve (6 samples, 0.005 to 0.5 μg/mL, linearity: r=0.9996). The P-gp inhibitors verapamil and quinidine were prepared in DMSO and added to the cultured cells at a final concentration of 50 μmol/L. The final concentration of the solvent DMSO was less than 0.1% in all of the experiments. The same volume of DMSO was added to the transport buffer as a negative control. All of the samples were placed in Eppendorf tubes and immediately stored at 4 °C until HPLC analysis. The net efflux ratio (NER) was determined by calculating the ratio of the efflux ratio (ER) value from the MDCK-MDR1 cell studies divided by the ER value from the MDCK wild-type cell studies.
To investigate the inhibitory effect of PAS on the activity of P-gp at MDCK-MDR1 cells, various concentrations of freshly prepared PAS (0, 1.0, 5.0, 10.0, 20.0, 50.0, 100, and 400 μg/mL) were used to determine the IC 50 from dose-response curves.
Transport study of PAS and AcPAS in MDCK-MRP1 cells
The experiments were conducted in the same manner as described above. Calcein-AM is a known MRP1 substrate and was used as a positive control to study MRP1-mediated efflux. Calcein-AM was added to a final concentration of 4 μmol/L and was quantified at an excitation wavelength of 485 nm and an emission wavelength of 525 nm from the calcein-AM standard curve (6 samples, 0.005 to 1 μg/mL). The MRP1 inhibitor MK-571 (20 μmol/L) was prepared in DMSO. The same volume of DMSO was added as a negative control.
Statistical analysis
All data are presented as the mean±SD. Statistical analysis for the comparison of two means was performed using one-way ANOVA. In all cases, a probability level of P-value <0.05 was considered as the criterion for significance.
Results

Involvement of P-gp in the brain distribution of PAS and AcPAS in vivo
To understand if P-gp is involved in the transport of PAS and AcPAS, comparisons of the brain tissue/plasma (T/P) ratios of these two molecules were made between genetically MDR1a-deficient and wild-type mice. Brain and plasma samples were collected from the MDR1a-deficient and wild-type mice 30 min after iv injection; this time point was chosen because our previous pharmacokinetic studies revealed that the t max of both PAS and AcPAS was approximately 30 min after PAS injection [21] . The brain capillary fraction forms the BBB and by examining the level of PAS in the brain capillary we could know the concentration of PAS in the BBB. Following the iv injection of PAS, the concentrations of the metabolite AcPAS in the brain parenchyma and capillary fractions were generally higher than those of PAS, an observation that substantiated our previous report [21, 33] . PAS concentrations in the brain parenchyma were significantly higher in the MDR1a-deficient mice (6.66 µg/g) than in the wild-type mice (1.80 µg/g) (P<0.05); coincidently, PAS concentrations in the brain capillaries were also much greater in the MDR1a-deficient mice (3.35 µg/g) than in Table 1 ). The data in Figure 1 indicate that the PAS tissue-to-plasma ratios (T/P) in the brain capillary and the parenchyma were 11.3-fold and 2.0-fold, respectively, greater in the transgenic mice than in the wild-type mice, suggesting a P-gp-associated brain accumulation of PAS. Unlike PAS, there was no statistically significant difference in the AcPAS concentration or T/P ratio between the MDR1a-deficient and the wild-type mice (Table 1, Figure 1 ), suggesting that P-gp plays a less important role in AcPAS brain distribution.
Involvement of MRP in PAS and AcPAS brain distribution in vivo
In the wild-type animals treated with the MRP inhibitor MK-571, the treatment did not significantly affect the PAS T/P ratio; however, in the MDR1a-deficient mice, treatment with MK-571 further increased the PAS T/P ratio in the brain parenchyma as well as in the brain capillary (Figure 2 ). Unlike PAS, treatment of the wild-type mice with MK-571 significantly increased the AcPAS T/P ratios in the brain capillary by 1.8-fold and in the brain parenchyma by 1.5-fold (P<0.05) (Figure 2 ). While there was no statistically significant differ- 
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Acta Pharmacologica Sinica npg ence in AcPAS T/P ratio between the MDR1a-deficient and the wild-type mice (Figure 1 ), the injection of MK-571 in the MDR1a-deficient mice resulted in significantly higher AcPAS T/P ratios in the brain parenchyma and capillary than without MRP inhibition (Figure 2 ). These observations suggest that the MRP were involved in the PAS and AcPAS efflux at the brain barrier.
Cytotoxicity assay
The cytotoxicity of PAS and AcPAS for all of the different cell lines was examined by MTT assays, using a 0.1% Triton X-100 solution as a positive control and a DMEM solution as a negative control. Cells were treated with PAS (430 and 2 μg/mL) or AcPAS (50 and 2 μg/mL) at the high and low concentrations, respectively, for 48 h. No significant changes in cell viability were observed in these experiments (data not shown). Thus, all of the following cell transport studies were performed with non-cytotoxic PAS or AcPAS concentrations.
Transport study of PAS and AcPAS in MDCK-MDR1 cells
MDCK-MDR1 cells were used as the in vitro model to mimic the P-gp-mediated drug transport at the BBB. After the cells were cultured on the inner chamber for 60 h, the TEER values reached above 600 Ω· cm 2 , and the P E value of the paracellular space marker phenol red was below 2.44×10 -8 cm/s, which suggested the formation of the tight barrier between the two chambers. The concentration-time curves of both compounds were linear in both the efflux and the influx studies up to 2 h (data not shown). The PAS P E values of the wild-type MDCK cell monolayer (MDCK-WT) and the MDCK-MDR1 cell monolayer were below 1×10 -6 cm/s, showing a low capability of PAS to cross the BBB. The PAS net efflux ratio (NER) transport in the MDCK-MDR1/MDCK-WT cell monolayer at the high concentration was 1.05, while the PAS NER at the low concentration was 3.80. For the positive control R123, the net efflux ratio was 6.10 ( Table 2 ). According to the FDA recommendations, a compound with an NER above 2.0 is considered to be a typical substrate of P-gp [32] . When either the P-gp inhibitor verapamil (50 μmol/L) or quinidine (50 μmol/L) was incubated with the MDCK-MDR1 cells, the efflux of R123 and PAS at the MDCK-MDR1 cell monolayer was significantly blocked (Figure 3 ), indicating that PAS was a potential P-gp substrate. The AcPAS NER at both the high and low concentration levels were below 1.0 (Table 2) . Influx: drugs were added to the inner chamber and monitored in the outer chamber to mimic the flux from the blood to the brain. Efflux: in the opposite direction of the influx, to mimic the flux from the brain to the blood. Thus, AcPAS did not seem to be a substrate of P-gp. At the high concentration, the PAS NER was 1.05, which is far below 2.0. While it was possible that this may result from a partial P-gp saturation at the MDCK-MDR1 cell monolayer due to the high PAS concentration, it also seemed likely that PAS at the high concentration might have an inhibitory effect on P-gp-mediated efflux. To test this hypothesis, we conducted experiments to investigate whether PAS competitively inhibited R123 efflux transport in the MDCK-MDR1 cell monolayer. Data presented in Figure 4 showed that with the increase of PAS concentrations (0-400 µg/mL), the R123 efflux was proportionally reduced with a PAS IC 50 of 10.3 μg/mL. Moreover, when AcPAS (2 μg/mL or 50.0 μg/mL in transport buffer) was studied in the same system, AcPAS did not exert any effect on the R123 NER (data not shown). These data suggest that PAS, but not AcPAS, appeared to be a P-gp inhibitor.
Transport study of PAS and AcPAS in MDCK-MRP1 cells
The MDCK-MRP1 cells were used to evaluate whether the PAS or AcPAS efflux at the BBB was mediated by MRP1. When the cultured cells reached confluency in the inner chamber, the TEER values were above 500 Ω· cm 2 and the P E of phenol red was below 3.97×10 -8 cm/s. Similar to the results using the MDCK-MDR1 cells, the concentration-time curves of both compounds were linear in both the efflux and the influx studies up to 2 h. The results in Table 3 show that the NER of calcein-AM, a known substrate of MRP1, was 21.39, which was significantly reduced to 7.48 when the cells were treated with the MRP inhibitor MK-571 (Table 3 ). The PAS and AcPAS NER transport across the MDCK-MRP1/MDCK-WT cell monolayer were greater than 1.5, which were indicative of MRP1-mediated efflux. The presence of MK-571 (20 μmol/L) in the culture significantly reversed the PAS and AcPAS efflux through the MDCK-MRP1/MDCK-WT cell monolayer; the NER was reduced to almost 1.0. These data indicate that that the efflux of both PAS and AcPAS may be mediated by MRP1.
Discussion
The potential usefulness of PAS in the treatment of Mninduced parkinsonian disorders requires an in-depth understanding of the drug's pharmacokinetic characteristics in the CNS [21] . PAS has been proven to be an effective agent for the treatment of Mn-induced neurotoxicity in brain cells [20] , in experimental animals [13, 16, 18, 19] , and in humans [11, 12, 14, 15, 17] . However, the mechanisms by which PAS and its metabolite AcPAS are transported across the BBB remained unknown. Our previous studies have shown that the AcPAS brain-toplasma ratios in the cerebellum, thalamus, motor cortex, hippocampus and striatum are significantly greater than the PAS ratios [21] . The low PAS concentration in brain tissues could be due to the highly efficient clearance of PAS by an efflux transporter, such as P-gp, that pumps PAS back into the blood. The higher AcPAS concentration could be due to P-gp's unique preference for PAS over its metabolite. The present study used the MDR1a-null mouse model and provided the evidence to support this hypothesis.
Using the US FDA (2012) recommended MDCK-MDR1 and MDCK-MRP1 cell models, the current study further examined whether PAS and AcPAS were substrates of P-gp and/or MRP1. Our data clearly show that PAS is P-gp substrate at the BBB. First, in our in vivo studies with intravenous PAS administration, the brain-to-plasma ratios of PAS concentrations in the brain parenchyma and capillary were much greater in the MDR1a-null mice compared to wild-type mice; thus, a lack of P-gp removal of PAS resulted in the accumulation of PAS in the brain capillary as well as in brain tissues. Second, the NER of PAS at low concentrations transport across the MDCK-MDR1/MDCK-WT cell monolayer was greater than 2.0, which falls into FDA's definition of P-gp-mediated transport. Lastly, the P-gp inhibitors significantly reversed the efflux effect of PAS in the MDCK-MDR1 cell monolayer. Thus, these in vivo and in vitro findings support the view that P-gp plays a crucial role in PAS distribution in the brain. Not only does the current study indicate that PAS is a P-gp substrate, but it also suggests that PAS is a P-gp competitive inhibitor. In the MCDK-MDR1 cells, PAS produced a concentration-dependent inhibition of R123 efflux, indicative of P-gp inhibition at higher concentrations. This is consistent with our in vitro data that shows less efflux at the high PAS concentration. Our previous in vivo studies administering PAS (200 mg/kg, iv) to rats resulted in a rapid increase of PAS in brain parenchyma [21] ; this could be ascribed to the PAS-induced inhibition of P-gp at the brain capillary endothelial cells. Data in the literature indicate that both the cerebellum and the thalamus possess abundant brain capillaries [36, 37] ; thus, the inhibition of P-gp at the capillaries could result rapidly upon the entrance of PAS into the cerebellum and thalamus with a C max within 15 min [21] . The ratio of the steady-state maximum total plasma inhibitor concentration to the in vitro inhibitory potential (IC 50 ) is 1.94 (>0.1), indicating a systemic P-gp-mediated drug-drug interaction in the clinic [38] [39] [40] [41] . These observations suggest that for clinical uses of PAS to treat Mn neurotoxicity, the inhibitory effects of PAS at high-doses on P-gp should be taken into account.
Our results clearly demonstrate that AcPAS is not a P-gp substrate. The AcPAS P E values also indicated that AcPAS had a greater permeability than PAS at the MDCK cell monolayer, apparently due to better passive diffusion. As a result, AcPAS may cross the BBB more easily than PAS with a higher C max and AUC 0-∞ and a longer t 1/2 in most brain regions. Furthermore, based on our previous work [21] , AcPAS has a stronger tissue binding affinity with brain tissue protein. The higher tissue binding of AcPAS may allow the AcPAS to be eliminated by brain barrier systems and spinal cord more slowly than PAS. All of these reasons may explain our earlier observation that after PAS administration, only AcPAS, but not PAS, could be detected in the brain capillary fraction and that AcPAS was present at higher brain tissue concentrations than PAS in previous [21, 33] and in current studies. Whether PAS may be biotransformed to AcPAS in the brain requires further investigation.
Data from the literature suggest that Mn in blood can gain access to the CSF via the BCB in the choroid plexus and further accumulate in the striatum and hippocampus [18, [42] [43] [44] [45] [46] [47] . Our earlier study reported an effective reduction in Mn levels in the choroid plexus following PAS administration [18] . The most abundant efflux transporter in the BCB is MRP1 (ABCC1) [48] , which exists at the basolateral side of choroid plexus epithelium [30] and participates in maintaining CNS homeostasis by blocking access of circulatory neurotoxicants to the brain. The current studies in the Transwell transport devices with the MDCK-MRP1 cells showed that MRP1 regulated the extravasation of both PAS and AcPAS at the brain barrier and that this regulation could be inhibited by the MRP inhibitor MK-571. These in vitro findings are consistent with our in vivo observations that MK-571 injection increased the brain PAS concentration in MDR1a-null mice, and increased brain AcPAS concentrations in both wild-type and MDR1a-null mice. The in vivo data indicate that MRP is involved in the transport of both PAS and AcPAS in the brain. The results above suggest a possible pathway for both compounds to be effluxed by MRP to the blood from the CSF via the BCB route. While the current study provides valuable information on the transport of both PAS and AcPAS by MRP1, we cannot exclude the impact of other transporters at the BCB. Spector and Lorenzo suggested that PAS, in an artificial CSF, was favored for the efflux transport to blood rather than the influx by the organic acid transporter 3 (OAT-3) [49, 50] . The pathway of these two potential chelators at the BCB may contribute to the effective reduction of Mn in the choroid plexus after PAS administration [18] . Our results from the in vitro study, the in vivo animal model, and the pharmacokinetic study, suggest that after administration, transporters in the ABC family, including P-gp and MRP, have the capability to eliminate PAS from the ISF back to the blood ( Figure 5A ). AcPAS in blood can gain access to the CNS through the cerebral capillary endothelium, and accumulate in striatum, hippocampus and motor cortex mainly in the free, unbound form ( Figure 5B ). 
Conclusion
In the current study, we used MDR1a-null mice and MDCK-MDR1 cells to examine PAS and AcPAS accumulation in the brain. Our results indicate that P-gp plays a significant role in the efflux transport of PAS from the brain parenchyma through the BBB back into blood. The in vitro studies using the MDCK-MRP1 cells also provide evidence that MRP1 is involved in both PAS and AcPAS transport in the brain. These findings are important for the clinical application of PAS in the treatment of Mn-induced neurotoxicity.
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